A series of N-aryl and N-heteroaryl pyrazoles have been deproto-metallated using a 2,2,6,6-tetramethylpiperidino-based mixed lithium-zinc combination. Mono-, di-, and tri-iodides have been obtained after subsequent trapping with iodine, depending on the substrate and on the quantity of 10 base used. The results have been discussed in the light of the CH acidities of the substrates, determined both in the gas phase and in THF solution using the DFT B3LYP method.
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Introduction
Pyrazoles belong to the most important heterocycles containing nitrogen. They have attracted considerable interest 15 because of their long history of applications as pharmaceuticals and agrochemicals.
1 Among them, N-aryl derivatives have been shown to exhibit a broad spectrum of biological activities. 2 Lithium (or magnesium) monometal bases have been 20 employed to perform deprotonative metallation reactions of pyrazoles bearing on nitrogen an aromatic ring, allowing their subsequent functionalization. 3 Nevertheless, low temperatures are required to perform these reactions. 4 In 2009, Knochel and co-workers showed that mixed 25 lithium-magnesium bases such as TMPMgCl· LiCl and (TMP) 2 Mg· 2LiCl (TMP = 2,2,6,6-tetramethylpiperidino) were suitable reagents to allow chemoselective reactions of SEMprotected and N-methyl pyrazoles. 5 In the search of new bimetallic combinations for deproto- 30 metallation purpose, 6 we recently observed that the basic mixture obtained from ZnCl 2 · TMEDA (TMEDA = N,N,N',N'-tetramethylethylenediamine) and LiTMP (3 equiv), which proved to be 1:1 LiTMP-(TMP) 2 Zn, could be used synergically to functionalize sensitive compounds such as 35 functionalized or heterocyclic aromatics. 7 In the continuation of this study, we here describe the use of this lithium-zinc base in N-aryl and N-heteroaryl pyrazole series. As an attempt to rationalize the regioselectivity of the reactions, the CH acidities in THF of the pyrazole substrates 40 were calculated within the density functional theory (DFT) framework using homodesmic reaction approach described earlier. 8 
Results and discussions

Synthetic aspects
Commercial 1-phenyl-1H-pyrazole could be deprotometallated upon treatment by 1:1 LiTMP-(TMP) 2 Zn (0.5 equiv each) in tetrahydrofuran (THF) at room temperature for 2 h to afford, after subsequent trapping with iodine, the 5-substituted derivative in 56% yield. 7a Even if not isolated, the 50 5,2'-diiodinated derivative was also present on the crude. 9 This prompted us to replace the phenyl group at nitrogen with different aryl and heteroaryl groups to see the impact on the outcome of the reaction. To this purpose, pyrazole was treated with aryl and 55 heteroaryl halides (iodides, bromides, or even chlorides) under copper catalysis using the conditions reported by Cristau, Taillefer and co-workers, 10 to afford the derivatives 1a-q in moderate to high yields (Scheme 1). The behaviour of the pyrazoles 1a-h bearing a substituted phenyl group towards the lithium-zinc mixture was first studied (Table 1) . As previously observed with 1-phenyl-1H-pyrazole, the reaction of the 4'-tert-butylated derivative 1a with 1:1 LiTMP-(TMP) 2 Zn (0.5 equiv each) in THF for 2 h followed by trapping with iodine led to two derivatives, the 5-substituted derivative 2a, obtained in 54% yield, and the 5,2'-diiodide 11 3a, isolated in 28% yield. The formation of the diiodide 3a was favoured (66%) by increasing the base 70 quantity to 1 equiv (entry 1).
The behaviour of the pyrazole 1b bearing at nitrogen a 4-(dimethylamino)phenyl group 12 proved quite similar, giving either the monoiodide 2b as the main derivative (54% yield) using LiTMP-(TMP) 2 Zn (0.5 equiv each) or the diiodide 3b 75 (67% yield) turning to a larger amount of base (entry 2). Both the mono-and the diiodide 2b and 3b were identified unequivocally by X-ray structure analysis. The iodide 2b was converted by Suzuki coupling to the corresponding phenyl derivative 4b in 73% yield, and the crystal structure of the 80 latter was also obtained (Figure 1 ). † No reaction was observed starting from the 4-nitrophenyl substituted pyrazole 1c (entry 3), probably due to competitive reaction of the base with the sensitive nitro group, 13 but using other electron-withdrawing R groups the reactions proceeded satisfactorily. In the case of pyrazoles 1d (4-cyanophenyl substituted) and 1e (4-(trifluoromethyl)phenyl substituted), the 5,2'-diiodides 3d and 3e were already isolated in satisfying yields (65 and 84%, respectively) using 0.5 equiv of base 5 (entries 4 and 5). The fluoro group proved to activate less strongly the 2' site than the cyano and trifluoromethyl groups, giving 3f in a moderate 31% yield using 0.5 equiv of base.
Turning to 1 equiv of base led to the formation of the two diiodides 3f and 3'f, a result probably due to the strong ability 10 of the fluoro group to direct the metallation to the ortho site (entry 6).
14 Figure 1 ORTEP diagrams (30% probability) of 2b (left), 3b (middle) and 4b (right). 15 With N- (4-methoxyphenyl) pyrazole (1g), we turned to an electron-donating group renowned for being less orthodirecting than fluoro.
15 Surprisingly, the corresponding 5,2'-diiodide 3g was isolated in 60% yield using 0.5 equiv of base (entry 7). By moving the methoxy group from the 4' to the 3' 20 position (substrate 1h), the diiodide 3h was formed in a similar 61% yield but the monoiodide 2h was concomitantly formed in 12% yield. A metallation occurring first at the 5 position was evidenced using 0.33 equiv of base; under the same reaction conditions, the iodide 2h was obtained in 70% 25 yield (entry 8). Table 1 Deprotonative metallation of 1a-h followed by trapping with I2 
The deprotonation was performed using (TMP)2Zn (1 equiv) + LiTMP (1 equiv). of the metallation reactions using 1:1 LiTMP-(TMP) 2 Zn. 7a To rationalize the dimetallation easily observed with the N-aryl pyrazoles involved in the reaction, one can consider a proximity effect either with a lithium pyrazolylzincate A or with a pre-metallation complex B between LiTMP and the 40 pyrazole complexing nitrogen 16 (Scheme 2). The products being always iodinated at their 5 position, intramolecular deprotonation reactions from the pyrazolylzincates A seem more likely. In the search of other polymetallation reactions, we submitted 1,1'-(1,4-phenylene)bis(1H-pyrazole) (1i) 17 to LiTMP-(TMP) 2 Zn (1 equiv each) in THF for 2 h before 50 interception with iodine. Under these conditions, the triiodide 5i was isolated in 61% yield. When 1,1'-(1,2-phenylene)bis(1H-pyrazole) (1j) was similarly treated, the corresponding triiodide 5j was also obtained but in a lower 37% yield. Indeed, a less iodinated derivative 6j resulting 55 from a deprotonation at the 5 position of both pyrazole rings was also formed in 37% yield, and was identified unequivocally by X-ray structure analysis (Scheme 3, Figure  2 ). † These results tend to show that the deprotonation at the phenylene ring is less favoured when the pyrazole ring does 60 not belong to the same plane.
We then studied the behaviour of the pyrazoles 1k and 1l bearing a thiophenyl group (Scheme 4). Upon treatment by 1:1 LiTMP-(TMP) 2 Zn (0.5 equiv each) followed by quenching with iodine, the N-thiophenyl pyrazole 1k provided both 65 diiodides 8k and 8'k in 11 and 55% yield, respectively resulting from 5,3' and 5,5' dimetallation reactions. This result can be explained by the strong ability of sulphur to acidify the neighbouring hydrogen. 3h In the case of 1l, the acidifying effects of sulphur and pyrazole combine to allow the 70 formation of the monoiodide 7'l (30% yield) in addition to the diiodide 8l (41% yield, Figure 3 †). Reducing the quantity of base to 0.33 equiv favoured the formation of 7'l, which was isolated in 62% yield. The pyrazole 1m benefitting from a doubly activated 15 position was next considered. However, whatever the quantity of base employed (0.33, 0.5 or 1 equiv), mixtures were obtained (Table 2) . It was not possible to favour the formation of the monoiodide 7m by reducing the amount of base, nor the formation of one of the diiodides 8m or 8'm, but the triiodide 20 9m was formed as the main product (48% yield, Figure 4 †) employing 1 equiv of base. These results could be due to the long range acidifying effect of the chloro group, 18 not only activating the ortho, but also the para site. Fewer derivatives are formed in the case of 1n which is symmetrical due to the removal of the chloro group. In 30 addition to the 5-iodo derivative 7n, which was formed in 8% yield, the 5,3'-diiodide 8n was isolated in 60% yield (Table 3 , entry 1, Figure 5 †). The isomer 1o gave a mixture of two iodides where the pyridine ring was substituted at C2 (8o, 28% yield, Figure 6 †) and C4 (8'o, 30% yield) in a similar 35 overall 58% yield (Table 3, entry 2). Table 3 Deprotonative metallation of 1n-q followed by trapping with I2 The substrate 1p proved less prone to dideprotonation either because of only one pyridine position activated by the pyrazole nitrogen instead of two in the previous examples or because the pyrazole ring hardly belongs to the plane of the pyridine because of repulsion between nitrogens. Indeed, the monoiodide 7p was the main product (45% yield) under the 5 conditions used before (Table 3 , entry 3). Increasing the base quantity to 1 equiv led to the diiodide 8p in 49% yield (Table  3 , entry 4). Finally it was possible to obtain exclusively the 5-iodo derivative 7q (60% yield) starting from the pyrimidin-2-yl substituted pyrazole 1q (Table 3 , entry 5).
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Figure 5 ORTEP diagrams (30% probability) of 1n (left), 7n (middle) and 8n (right).
Figure 6
ORTEP diagrams (30% probability) of 1o and 8o.
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Computational aspects
CH acidity of pyrazoles has been the subject of few studies. The value for 1-propyl-1H-pyrazole was experimentally found, and reported in 1985. 19 Substituent-CH acidities for methylpyrazoles 20 and ethynylpyrazoles 21 were respectively 20 evaluated in liquid NH 3 and DMSO. In the last case, the results were proved by employing the semi-empirical CNDO 2 method. In the present paper, the DFT calculations of CH acidity of the different N-aryl pyrazoles both in gas phase (Scheme 5) and in THF solution (Scheme 6) are presented. 25 The gas phase acidities  acid G and pK a values in THF solution of all the pyrazole substrates were calculated using a theoretical approach related to the one previously described. 8 All the calculations were carried out using the DFT B3LYP method. The geometries were optimized using the 6-31G(d) 30 basis set. No symmetry constraints were imposed. In order to perform stationary points characterization and to calculate zero-point vibrational energies (ZPVE) and thermal corrections to Gibbs free energy, vibrational frequencies were calculated at the same level of theory. The single point energy 35 calculations were performed using the 6-311+G(d,p) basis set. The gas phase Gibbs energies (G 
. The solvent effects were evaluated using the polarized continuum model (PCM) with the default parameters for THF. 22 The cavity was built up using a united atom (UA) model, applied on atomic radii of the UFF force field. The 50 PCM energies E PCM were calculated at the B3LYP/6-311+G(d,p) level using geometries optimized for isolated structures. The Gibbs energies in solution G s were calculated for each species by the formula:
To cancel possible errors, the pK a values were calculated by means of the following homodesmic reaction:
, where HetH is an appropriate five-membered heterocycle with experimentally known pK a value. In the present work, 1- 60 propyl-1H-pyrazole was chosen as reference compound since its pK a value in THF found by Fraser et al., 19 35.9, was supposed to be close to those for the investigated substrates.
The Gibbs energies of the homodesmic reactions were respectively calculated using the following equations: r s s s products reactants
The CH acidity of side groups such as methoxy, dimethylamino and tert-butyl was expected to be significantly lower and hence was not considered. 5 It is obvious that some of the compounds under consideration exist in form of two or even more rotamers due to sterical interaction of adjacent hydrogens or/and heteroatom lone pairs. In such cases, the data on Schemes 5 and 6 refer to the most stable rotamers. According to our 10 calculations for the investigated pyrazoles, the favoured rotamer form was determined substantially by intermolecular interactions. Scheme 6 Calculated values of pKa(THF) of the investigated pyrazoles. 15 For the pyrazoles bearing a 4-substituted phenyl group, an inequality in C-H acidity (up to 4 logarithmic units) between the C2' and C6' sites, as well as between the C3' and C5' sites, was noticed. This phenomenon could be explained by electron repulsion of syn-periplanar carbon and nitrogen lone pairs, 20 and/or dipole moment direction.
Among the molecules with several rotamers, the pyridylpyrazoles are likely to exist in form with remote heteroatoms (nitrogens), while for the sulphur-containing compounds it is vice versa. For the para-bipyrazolyl 1i, anti-25 disposition of heterocycles is much more favorable than syn-, while for the ortho-bipyrazolyl 1j, the anti-form dominates over the amphi-, and the local minimum on the PES corresponding to the syn-form was not even located.
It is desirable to know the impact on the CH acidity of 30 pyrazoles, and hence on their reactivity, of the electronic effects of substituents. This aim can be achieved by using the Hammett equation (or a similar approach), which is wellknown as a powerful tool for the prediction of many important physico-chemical characteristics of substances. 23 Linear free 35 energy relationship (LFER) methodology can also be used to study the electronic effects of the substituents on the CH acidity.
In a previous study 8 the peculiarities concerned with the application of LFER methodology to heterocycles were 40 briefly discussed. In this paper the heterocycle was considered to this purpose as a single system in which the substituent and the reaction centre interact. The main points of interest are (i, practical) the influence of the X substituent nature of Nsubstituted pyrazoles on the pK a at the most acidic 5 position 45 (Table 4 , entries 1-9), and (ii, theoretical) the influence of the Y substituent nature of N-(4-substituted phenyl)pyrazoles on the pK a at the 2' position (Table 4 , entries [10] [11] [12] [13] [14] [15] [16] [17] . The data show that there is a correlation between the nature (electrondonating or electron-withdrawing) of the substituent X or Y 50 and the pK a change. Unfortunately, this study was restricted by lacking of data 55 on LFER constants. 23 As pure ortho-, meta-and parapositions do not exist for five-membered rings, the Jaffe's approach was employed to describe the substituent effects in these "unconventional" five-membered rings according to:
where a i -fitted constants). 60 The best equation within the Jaffe's method for the most acidic 5 position of 1-phenyl-1H-pyrazole and the compounds 1a, 1c, 1f, 1g, 1n and 1o is as follows (compounds 1p and 1q with strong steric interactions were excluded as outliers): pK a (THF) = 36.5 -40.6  m + 12.5  p 5 (N = 7, r 2 = 0.911, rmse = 0.67) According to Swain and Lupton, the electronic effects of a substituent can be splitted into a field/inductive component (F) and a resonance component (R). 23 The best equation for the same compounds within this approach is: 10 pK a (THF) = 37.3 -29.4 F -0.3 R (N = 7, r 2 = 0.902, rmse = 0.71) Thereby, among the considered methods, the Jaffe's method gives the best equations for CH acidity prediction. The influence of a substituent on forming carbanion center is more 15 similar to that for meta-group in benzene ring: the inductive effects predominate over the resonance effects, a result in agreement with that found earlier for triazoles. (Figure 7) gives the opportunity to predict their reactivity semi-quantitatively at low computational cost. 35 
Discussion
The calculations show that the investigated N-aryl and Nheteroaryl pyrazoles possess several deprotonation sites. Nevertheless, except when thiophen-3-yl and 2-chloropyridin-4-yl are grafted on the pyrazole 1 position, the most acidic site 40 corresponds to the 5 position of the pyrazole ring. When the gas phase and THF solution CH acidities of the pyrazoles are compared, a correlation can be easily found and the most acidic position remains the same. These results are in good agreement with the corresponding experimental data. Indeed, 45 1-(thiophen-3-yl)-1H-pyrazole (1l) at least deproto-metallated at its most acidic C2' position, and all the other compounds studied are at least iodinated at C5. The exception is 1-(2-chloropyridin-4-yl)-1H-pyrazole (1m), which is not predominantly functionalized at its most acidic site, a result 50 that could be in relation with the size of both the base and the chloro group.
Compared with 1-phenyl-1H-pyrazole, the derivatives bearing a nitro, a cyano, a trifluoromethyl and, to a lesser extent, a fluoro group at the 4 position of the phenyl ring 55 (compounds 1c-f) have a higher CH acidity in THF solution at C5; the tert-butyl and methoxy group (compounds 1a, 1g and 1h) have nearly no effect, and the dimethylamino group (compound 1b) decreases this acidity (Scheme 6). Thus, according to calculations, electron-withdrawing groups are 60 expected to favour the deprotonation on the pyrazole ring whereas the electron-donating should disfavour it. The experimental results are rather in accordance with these predictions since the compounds 1a,b behave as 1-phenyl-1H-pyrazole, mainly leading to the 5-iodo derivatives, whereas 65 diiodides are obtained starting from the compounds 1d-h (Table 1 ).
Figure 7
Correlation between calculated and predicted pKa values of pyrazoles in THF solution using equations within Jaffe method for (a) 70 Table 4 , entries 1-7, and (b) Table 4 , entries 10-17, and (c) regression of pKa(THF) versus m for Table 4 , entries 10-17.
It can also be deduced from the calculations that the CH acidity at C5 increases with the introduction of a pyridin-4-yl (compounds 1m and 1n), a pyridin-3-yl (compound 1o) and, to a lesser extent, a thiophen-2-yl group (compound 1k) on its 1 position. No change is observed with a thiophen-3-yl group 5 (compound 1l). In contrast, when a pyridin-2-yl (compound 1p) or a pyrimidin-2-yl (compound 1q) is present, this acidity decreases, a result that could be in relation with the presence of the nitrogen(s) of these groups at a position close to the C5 site (Scheme 6). Experimentally, diiodides are more easily 10 obtained from the compounds 1m-o and 1k, which have a stronger CH acidity at C5, whereas monoiodides are formed as main products from the compounds 1p and 1q, which have a weaker CH acidity at C5 (compound 1h has an intermediate behaviour) (Table 2 and 3) . 15 These results tend to show that metallation at C5 occurs first; second (and possibly third) metallation could then take place, according to the mechanism depicted in Scheme 2. Indeed, the second metallation does not necessarily takes place at the second most acidic position. One example is the 20 reaction of 1-(4-fluorophenyl)-1H-pyrazole (1f) for which the second most acidic phenyl site is C3' and the main product the 5,2'-diiodinated derivative 3f (Table 1, entry 6).
Conclusions
Attempts to rationalize the outcome of the deproto-metallation 25 reactions of N-aryl and N-heteroaryl pyrazoles using the TMPbased mixed lithium-zinc combination were performed using the CH acidities of the substrates in THF solution calculated using continuum solvation model. Even if the approach has limits, mainly due to the lack of mechanism information 30 concerning such reactions, it proved efficient to predict in most cases studied the first deprotonation sites. In addition, the study carried out with N-(4-substituted phenyl) pyrazoles allowed both experimentally and theoretically the identification of a meta acidifying effect 12 1-(4-Methoxyphenyl)-1H-pyrazole (1g) was prepared from 4-iodoanisole using a described procedure 10 1,1'-(1,2-Phenylene)bis(1H-pyrazole) (1j) was prepared from 1,2-diiodobenzene (3 equiv of pyrazole were employed) using a 1-(Thiophen-3-yl)-1H-pyrazole (1l) was prepared from 3-bromothiophene using a described procedure 10 
1-(2-Chloropyridin-4-yl)-1H-pyrazole (1m) was prepared from 55
4-bromo-2-chloropyridine using a described procedure 10 
1-(Pyridin-3-yl)-1H-pyrazole (1o)
was prepared from 3-bromopyridine using a described procedure 10 General procedure for the deproto-zincation followed by iodination. To a stirred, cooled (0°C) solution of 2,2,6,6-tetramethylpiperidine (0.25 mL, 1.5 mmol) in THF (5 mL) was 105 added BuLi (about 1.6 M hexanes solution, 1.5 mmol). After 15 min at 0°C, ZnCl 2 ·TMEDA (0.125 g, 0.5 mmol) was added, and the mixture was stirred for 15 min at this temperature before introduction of the substrate (1.0 mmol). 
1-[4-(tert-Butyl)-2-iodophenyl)-5-iodo-1H-pyrazole (3a)
was prepared from 1a following the general procedure and was obtained as a yellow liquid (28% yield; 66% using 3.0 mmol of 20 2,2,6,6-tetramethylpiperidine, 3.0 mmol of BuLi and 1. 
1-[4-(Dimethylamino)-2-iodophenyl)-5-iodo-1H-pyrazole (3b)
was prepared from 1b following the general procedure and was obtained as a white solid (28% yield; 67% using 3.0 mmol of 
1-[4-(Dimethylamino)phenyl]-5-phenyl-1H-pyrazole (4b
1-(4-Fluoro-3-iodophenyl)-5-iodo-1H-pyrazole
(3'f) was prepared from 1f following the general procedure and was obtained as a brown solid (22% yield using 3.0 mmol of 2,2,6,6- -1-(2-iodo-4-methoxyphenyl) Chloro-5-iodopyridin-4-yl)-5-iodo-1H-pyrazole (8'm) was prepared from 1m following the general procedure and was obtained as a white solid (34% yield; 26% using 1.0 mmol of 2,2,6,6-tetramethylpiperidine, 1.0 mmol of BuLi and 0.33 mmol 10 of ZnCl 2 ·TMEDA; 9% using 3.0 mmol of 2,2,6,6-tetramethylpiperidine, 3.0 mmol of BuLi and 1. 
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Crystallography
Single crystals suitable for X-ray diffraction were grown after 90 slow evaporation of solutions of 1j, 1n, 1o, 2b, 3b, 4b, 6j, 8l, 9m , 7n, 8n and 8o in dichloromethane at room temperature.
The samples were studied with graphite monochromatized Mo-K radiation ( = 0.71073 Å). Except for 8o (T = 100(2) K), Xray diffraction data were collected at T = 150(2) K using APEXII 95 Bruker-AXS diffractometer. The structure was solved by direct methods using the SIR97 program, 32 and then refined with fullmatrix least-square methods based on F 2 (SHELX-97) 33 with the aid of the WINGX program. 34 All non-hydrogen atoms were refined with anisotropic thermal parameters. H atoms were finally 100 included in their calculated positions. Except N-linked hydrogen that was introduced in the structural model through Fourier difference maps analysis, H atoms were finally included in their calculated positions. Molecular diagrams were generated by ORTEP-3 (version 2.02). . A final refinement on F 2 with 1606 unique intensities and 100 parameters converged at R(F 2 ) = 0.1401 (R(F) = 0.0565) for 1174 observed reflections with I > 2(I).
Crystal data for 2b. C 11 H 12 IN 3 , M r = 313.14, monoclinic, P2 1 /n, . A final refinement on F 2 with 2882 unique intensities and 101 parameters converged at R(F 2 ) = 0.0924 (R(F) = 0.04) for 2561 observed reflections with I > 2(I).
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Crystal data for 7n. Graphical and textual abstract for the contents pages.
N-(hetero)arylpyrazoles have been deproto-metallated using 1:1 LiTMP-(TMP) 2 Zn. The outcome of the reactions has been discussed in the light of DFT-calculated CH acidities (gas phase and THF solution). 
